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Abstract

As trapped-ion quantum technologies advance, quantum simulation platforms and quan-
tum computers scale in the number of qubits available and their possible operations. As
the laser control systems and the micromotion from the trapping potential become harder
to manage, the possibility of implementing atomic/molecular hybrid trapped ion systems
has been investigated. Such systems require state preparation, manipulation, and detection
of molecular ions, which have more complex energy-level structures and selection rules.

This thesis reports a preliminary study on Dipole-Phonon Quantum Logic(DPQL),
which is the interaction between trapped molecular ions and atomic ions, and the pos-
sibility of realizing indirect laserless control of the electronic state of the molecular ion.

The experimental candidate is co-trapped calcium and calcium oxide ions. They are
laser-cooled to the motional ground state to study the mapping from the molecule’s elec-
tronic state to the shared motion, which could then be detected on the atomic ion. A
Monte-Carlo simulation is performed to predict the experimental observation of phonon
number change events. The controlling program is organized and reordered with a sched-
uler program to increase the experiment’s efficiency.

The previous experimental control is migrated and upgraded to a new architecture. The
Monte-Carlo simulation suggests that the signal should be observed in the lab environment
at a timescale of tens of minutes. This study lays the groundwork for further investigations

into DPQL and its potential applications.
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1. Introduction

Since the mid-20th century, extensive research has focused on trapped ions. These
ions have proven successful in precision measurements, quantum information processing,
and simulating complex systems. The ion species commonly appearing in ion traps are
ytterbium, calcium, barium, and sometimes magnesium and beryllium. These trapped
atomic ions can be prepared, controlled, and measured by lasers.

As the trapped ions platform scales to a more complex system with higher qubit num-
bers, two problems quickly become unmanageable: the scaling of laser optic instruments
and the micromotion heating. A switch to molecular ions is a possible way to solve these
two problems altogether. Some molecular ions are not sensitive to micromotion heating
and could be controlled without lasers [Campbell and Hudson, 2020]. The fact that molec-
ular ions o er more possibility as physical experiment platforms arose as another source of
interest. Trapped molecular ions could work on spectroscopic studies of molecules [Melosso
et al., 2021], precision measurements [Roussy et al., 2023], and even astrophysics and as-
trochemistry studies [Briinken et al., 2014].

Integrating molecular ions into trapped ion platforms requires control of the molecular
qubits. Such controlling protocols, especially those generally applicable and less sensitive
to precise state preparations, have received research interest.

Addressing electronic states in trapped molecular ions requires engineered or tunable
coupling to environments. In controlling atomic ions, this is achieved by laser interaction
with the molecules. Molecules, in general, have more complex spectroscopic properties.
Lasers could not perform all of state initialization, manipulation, or measurement on most
molecules; however, structures of some molecules open other paths toward quantum control.
Previous researches proposed an interaction between the permanent dipole of the molecule
and the electric eld generated by the collective motion of the ion chain [Campbell and
Hudson, 2020; Mills et al., 2020]. It could interrogate the internal state of the molecular
ion. This Dipole-Phonon Quantum Logic (DPQL) removes the necessity of a laser in

molecular state control.



So far, no decisive experimental observation of such DPQL between two ions without nu-
clear spins has been reported. This thesis summarizes preliminary work in verifying DPQL
between calcium and calcium oxide. This thesis is organized as follows. The introduction of
the DPQL background consists of three topics. After this concise introduction, it is divided
into three chapters. Chapter 2 describes the ions in the experiment, the calcium-40 ion and
the calcium oxide ion, and their spectroscopic properties. Chapter 3 describes the ion trap
and explains the necessary operations in the experiment. Chapter 4 describes the quantum
logic spectroscopy technique and the theory behind DPQL.

In addition, chapter 5 details the experimental procedures in DPQL and the Monte-
Carlo simulation. Chapter 6 demonstrates that the current control program is capable of
all experimental procedures and describes the scheduler program to automate the process

further. Chapter 7 is a brief conclusion that summarizes the thesis.



2. Calcium: Atomic and Molecular lons
Calcium-40 is the primary candidate of the experiment. This chapter introduces the

40ca’ ion and the *6CaO" molecular ion that will be co-trapped.

2.14%Ca* lon

When the “°Ca atom loses one of its outermost two electrons, thé®Ca* ion forms.
This ion has one electron in the4?S;;, state, and the remaining 18 electrons form closed

shells similar to “°Ar. The remaining electrons shield some of the 20 electron charges of

FIGURE 2.1: Energy levels of calcium ion. The red arrows indicate the quadruple S@ D
transitions with wavelength 729nm and 732nm. The dark red arrows indicate the dipole
D @ P transition with wavelength 866nm and 854nm. The purple arrows indicate the
dipole S @ D transitions with wavelength 397nm and 393nm. The two dashed arrows
indicate the spontaneous decay from P states to S states.



the nucleus, making the“°Ca’ ion e ectively a Hydrogen-like system. With its overall + 1
electron charge, the*°Ca’ ion is an ideal candidate for trapped ion experiments.

The 4°Ca’ ion has 20 protons and 20 neutrons in its nucleus, making the net nuclear
spin zero. No nuclear spin results in no spin-spin coupling or the hyper ne structure.
40ca’ ions have simpler energy levels. The ground state for the outermost electron is the
4%S,,, state. This state has principal quantum numbern = 4, and spin quantum number
S = 1/2. The electron is in S orbit with orbit angular momentum quantum number
L = 0. The net angular momentumJ= L+ S= 1/2. This state composed of two Zeeman
sublevels is commonly and indiscriminately labeledgy for ground state or |[Oy Only in
certain operations are the Zeeman sublevels considered.

Other states involved are from the3D and 4P orbitals. In the 3D orbital, the states
involved are 3?°Ds;, and 3?Ds,. Quadrupole transitions connect the D orbital to the
ground state. Transitions at 732nm and 729m connects3?D5, and 3?Ds, to the ground
state. In our experiment, the 3°Ds, state is commonly labeled|ey for excited state or |Oy
The 729%m transition from |Oyto |Oyhas spontaneous decay timés. Similar to the ground
state, these two states are also Zeeman split into four and six sub-levels.

The 4P orbital has 42P;;, and 42P;;, involved. Dipole transitions connect the P orbital
to the ground state. Transitions at 397nm and 3931m connects4?P;, and 42Py, to the
ground state. Dipole transitions also couple the4P orbital to the 3D orbital. A transition
at 854nm connects4?P;, to 3?Ds,, and a transition at 866hm connects4?Py, to 32Dys .

The transition at 397nm is used in state detection. It discriminates states in the ground
state and the 3°Dsg, excited states, as the ground state will be excited to4?P;;, and
spontaneously emit photons. In contrast, this transition does not address the excited state.

It remains dark.

2.1.1 Spin State Preparation

Certain experiment operation requires the initialization of electronic spins into]S,my; = 1/2y.

To realize so, a transition is driven from |S,;my;= 1/2y to |D,my= 1/2y, and then a



FIGURE 2.2: Detailed energy level diagram. Yellow: spin state preparation. As illustrated
in the gure, a cycling transition with leakage is driven by lasers (solid yellow arrows)
and completed by the spontaneous decay (dashed yellow arrows) that eventually drains
the population in |S,my;= 1/2y. Red: carrier or qubit operation. This transition from
ISSmy= 1/2yto |D,my= 3/2yis mainly employed in sideband cooling and DPQL
experiments.

guenching operationD @ P with 854nm laser brings the state from|D,m;j= 1/2yto
|[P,my= 1/2yand|P,m;= 3/2y. Theionthen spontaneously decay fromiP,m;= 1/2y
to [SSmy= 1/2y, and from |P,my= 3/2yto [S;my= 1/2y only. This operation re-
moves the population from|S, m; = 1/2 y and prepares purdS,m; = 1/2 y state, as shown

in FIGURE 2.2.



2.240cal®o* |on

The molecular calcium oxide ion“°Ca®0* has more complex structure than“°Ca*.

This section introduces its molecular energy levels and structures.

2.2.1 Vibration and Franck-Condon Factors

Two atoms are bound together to form diatomic molecules. The bounded two atoms may
be modeled by two masses connected by a spring. When su ciently small, the vibration
motion may be approximated as a quantum harmonic oscillator. It could be quantized with
guantum number n. The energy of the vibrational state is: hwg(n+ 1/2), where we is the
vibrational constant [Atkins and Friedman, 2011].

The vibrational state is a separate degree of freedom. However, the vibration is not de-
coupled from the electronic transitions. Di erent electronic states have di erent interatomic
distances. The resultant state might have a di erent vibration pattern that combines some
vibrational states, as illustrated in FIGURE 2.3. Franck-Condon Factors (FCF) illustrate
this change in vibration accompanied by electronic transitions. The FCF may be under-
stood as a matrix that maps the initial vector in vibrational space into a resultant vector. A
diagonal FCF implies the electronic transition does not disturb the vibration states. A non-
diagonal FCF implies the electronic transition will signi cantly shu e the vibration states
[Atkins and Friedman, 2011]. In CaO", the electronic transitions have highly non-diagonal

FCFs [Mills et al., 2020].
2.2.2 Electronic Transitions and Doublets

The electronic state of the molecule is not always a combination of the two atomic elec-
tronic states. Five quantum numbers label the molecular state, as illustrated in FIGURE
2.4. They areﬁﬁe = F{ + % the total electronic angular momentum quantum number
from summing the orbital and the electron spin angular momenta;M, the projection of
l% = ﬁi + I\E the total molecular angular momentum including the rotation angular mo-

mentum l\ﬁ on the laboratory axis; L and S, the projection of orbital angular momentum



FIGURE 2.3: lllustration of molecular ion energy levels. The two curves in each gure are
two electronic states of energy with respect to internuclear distance (not drawn to scale).
The horizontal lines in each gure are the vibrational sublevels of each electronic energy
level. The left gure describes a molecule with non-diagonal Franck-Condon Factors.
The minimum points or the position of the nuclei do not align well in the two electronic
states. As a result, an excitation is likely to disturb the vibration state distributions. As
could be seen, |X?P,n= Oy and |A?S,n = Oy have different internuclear distances, and
the excitation is unlikely (tilted, dashed arrow). Rather, it will excite to, for example,
|A?S,n= 3yand |A2S,n = 4y (arrows on the left). In the right gure, an excitation will
preserve the vibration distribution because the two electronic states' wavefunctions align
very well.

and electron spin angular momentum onto the internuclear axis; andV, the projection of
N{J onto the internuclear axis. Note that W= L + S. In some literature, the total electronic
angular momentumﬁﬁe or the rotational angular momentum ﬁ!? may be written asﬂ\[].

The CaO" ion is diatomic. Five Hund's cases describe the internal couplings of diatomic
molecules and ions. OurCaO" is between cases A and B. Case A describes an ion with
stronger spin-orbit coupling, and itsﬁg and FE align with the internuclear axis. Case B
describes an ion with weaker spin-orbit coupling; only itsﬂ_ aligns with the internuclear
axis. lIts ﬁé is not strongly coupled to other angular momenta and sometimes omitted in
consideration of the molecular spectroscopic structures. A visual illustration of both cases
is in FIGURE 2.4.

The rotational Hamiltonian for a case-A ion is [Kozlov, 2009]:

Hot= BIR1Z= B M2

e 2.1)
= BxJ+1) 289 M+ BL+ 1)

7



FIGURE 2.4: Diagram of Hund's cases A and B. In both diagrams, the two gray spheres
are the two atoms in the molecule, and the black arrow is the internuclear axis. In both

diagrams the rotational angular momentum R is in copper, the total angular momentum

Jand its projection W on the internuclear axis is in red, the orbital angular momentum T
and its projection L is in blue, the electron spin angular momentum S and its projection
S is in yellow. The total electronic angular momentum < is in green. In case A, T and
S align well with the internuclear axis. In case B, S does not align with (or coupled to)

the internuclear axis. In case B, S is no longer a good quantum number and is generally

excluded from the picture.

In the above expression and later this chapterB is the rotational constant. The term
ZBhEI hi is the Coriolis interaction. This term lifts the degeneracy between two states:
[JM,L,SSWy and | M, L, S, Wy. New eigenstates will be those of de nite parity

p= L
1
MW = 2 MW (D ST, W (2.2)
These two states with di erent parities are the W-doublet, formed in case-A ions. Sim-
ilarly, for case-B ion, the rotational Hamiltonian will be H,o; = B|h5 IY_ |2. A term similar

to the previous Coriolis interaction ZBI\{J I\E will split the two otherwise degenerate states

[JM,Lyand|J M, Lytoform the L-doublet.

|JM,Ly = ?1—2|J,M,Ly ( 1’ 55.‘1—2|J,M, Ly. (2.3)

8



Hund's cases are highly theoretical models. Most diatomic molecules do not belong to
any one of these cases but a combination of some. TI@aO" molecule falls between Hund's
case A and case B. The ground electronic state of th€aO" ion is X2P 55 .

The L -doublet and the W-doublet, according to EQUATION 2.2, could not be split at
the ground rotational state where% = F{ In this case, the Hamiltonian is simply zero.
However, this argument did not take into account the spin-orbit interaction. This spin-
orbit interaction explains the splitting in the ground rotational state: it mixes the P and
S states [Kozlov, 2009]. For example]W= 1/2y = |JM,L = 1,S= 1/2, W= 1/2y+
diIAMLL =0,S=1/2, W= 1/2y. The |JM,L = 1,S= 1/2, W= 1/2y component in
W= 1/2ycoupletothe|, MLL = 0,S= 1/2, W= 1/2ycomponentin|W= 1/2y=
[JM,L = 1,S=1/22, W= 12y+dF*MiL =0,S= 1/2, W= 1/2y. Similarly,
the splitting still happens in the W = 3/2 case, but the states are rst mixed withW= 1/2.
The splitting is smaller and scales with higher orders oB.

In our experimental system, the ground statg/X?P ,n = 0,J= 3/2y splits into a doublet
with energy di erence w1 2p 450kHz. The order of hundreds of kiloHertz is the same
as the motional mode frequency of the trapped ions. The molecular qubit in our experiments
will be these two states split from the|X?P,n = 0,J= 3/2y ground rotational state. These

two states are labeled|ey and |fy in this thesis.



FIGURE 2.5: lllustration of Rotational Splittings in  |X?S,n = Oy manifold. The original J
states are in dashed black lines, and the split states are in red and blue. Note that as J
increases, the splitting increases as well. This diagram is not drawn to scale.
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3. Co-Trapping Ca" and CaO"

This chapter discusses the’°Ca* and #°Ca'®0* ions trapped in the same device. It
introduces the ion trap device, the con nement mechanisms, the co-trapping details, and
the properties of the con ned ions. It also introduces available operations on the trapped

ions.

3.1lon Trap

The ion trap used in the experiment is a linear Paul trap. The trap operates at high-
vacuum, typically 2 10 ! Torr. The Paul trap comprises four wedge-shaped electrodes
and two end cap electrodes. The two end cap electrodes de ne the trag axis. The four
wedge-shaped electrodes are in parallel with th& axis. Two electrodes at one diagonal
are for DC control, and this diagonal de nes the X axis of the trap. The other two at the
other diagonal are for RF control, and this diagonal de nes theY axis of the trap. The
RF signal V coswggt for the control is generated by an RF source and Itered by a helical
resonator. The helical resonator has its resonance &p 19.2MHz. These six electrodes,
in theory, are su cient to con ne the ions.

Two additional DC electrodes are placed vertically within the trap or between the
two pairs of RF and DC trapping electrodes. They generate DC elds to compensate
for micromotion. Permanent magnets generate a magnetic eld along the trap axis. The
magnetic eld de nes the quantization axis for ions.

On the trap Z axis, there is little variation of the RF eld, and the con nement is
similar to that of a DC potential well with Upc = Uz2. In the other two directions, the
RF eld plays a major role in the con nement. The overall trap potential takes this form
and the motion of an ion with massm and chargee, in the X direction is:

f = (U + V coswget)x?

P _ (3.1)

e
4z E(U + V coSWRgft)2x

Comparing EQUATION 3.1 with the Mathieu equation % = (a+ 2gcos 2 )x, we have

11



FIGURE 3.1: lllustration of trap (up) and trapped atoms (bottom). The trap consists of
two RF electrodes and two DC electrodes, as shown, but the DC electrodes each consist
of 11 smaller electrodes that are aligned in parallel. In our experiment, only three pairs of
electrodes participate in the trapping operation, and the others remain idle. The outer two
pairs are the end caps. The micromotion compensation electrodes are not shown in this
illustration. The middle of the trap, pointed out by the two blue arrows, is the trapping
region. Inside the trapping region are trapped ions, as shown at the bottom. The left
gure illustrates two Ca * ions (both bright), and the right gure illustrates one Ca ™ ion
(bright) and one CaO™ ion (dark).

12



the three parameterst, a, and q:

WREL
2

4eU
mw32
RF

(3.2)

2eV

a= —5
MWgRE

Among these, g is the Mathieu parameter. The Mathieu equation has no closed-form

solutions. In the experimental operation scheme, the solutions may be simpli ed to :
c !

WRE q2 q
= : +
X(t) = xocos 5 5 at (1 > COSWRFt)

= Xsedt) + Xmm(t)
c ! (3.3)

W 2
Xsedt) = XgcCOS % %+ at

Xmm(t) = Xog COSWRFt

in which the xgedt) is the secular motion, and thexmm is the micromotion with a frequency
of the RF potential.
If stray elds are present in the trap, the motion might deviate from the expression in

EQUATION 3.3, or the equilibrium point of the DC eld might no longer overlap with that
b
of the RF eld. The resultant motion is: X(t) =  Xsgray+ XoCOS %

SN

+at (1

gcoszFt). As could be seen, thexsyray term will cause signi cant micromotion heat-
ing. Applying voltage on the two compensation electrodes compensates the stray eld and
suppresses the motion and heating it causes.

In the Z direction, no RF eld is applied. The ion experiences the parabolic potential

Uz? only. The resultant motion will be that of a harmonic oscillator with a Hamiltonian

H = % + mévgz. Compared to the X and Y directions, the motion in the Z direction is
b

well quantized. With the ladder operators & = Txz2 ?ﬁf’ and number operator

13



A = &4 the Hamiltonian may be written H = Rw,(A + %). The motional quanta are
phonons, named after an analogy to solid-state physics.

When two ions are co-trapped, the electromagnetic interaction couples the two ions'
motion. Their motion in the Z direction may be separated into two normal modes: the

center of mass (COM) mode, in which the ions move in phase, and the breathing mode

2 2
(BM), in which they move out of phase. The Hamiltonian is nowH = e + Tegicaze, +

2 2
anficago + Meacfea0z0.0. With second quantization, the Hamiltonian may be expressed as

o

H = m MWm(Am + %), where Aim = 4,4y and m stands for COM and BM.
3.1.1 RF Displacement Operation

The end cap electrodes, or the two supplying the potential in theZ direction, could
carry an additional RF signal. This additional RF eld does not generally participate in
trapping the ions. It controls the motion of the trapped ions in the Z direction in a more
quantum treatment.

The eld it generates along the Z direction is E(t) = Egsin(wgrivet). Given the ions
oscillate with normal mode frequencyw, = wgpm OF Weom, the Hamiltonian from its inter-

action with the ions is:
d_
R 1 h _ i R h o
H = eEx= ek— @ Warivel 4+ dWarivel e Wzt 4z dwet (34)
2i 2mw;

A rotating wave approximation is valid when w; = Wqjve:
d

h [
X 1 RN
H = eEx= eEgE 2mw, a a
5 " d # (3.5)
N i~ ek h

The above time evolution returns a displacement operatoD(a) = exp a a+ a&

b
_h

— eh
where oura = g 5o

t. The reader is referred to [Leibfried et al., 2003] for complete
treatments for RF drives not along the Z axis (our experimental case). However, the above

14



derivation explains the experimental procedures well.
3.2 Laser System

To load and manipulate the internal states ofCa"*, lasers of wavelengti3931m, 397nm,
729m, 854hm, 866nm, 379m, and 423m are introduced to the system.

The 720m laser drives the quadrupole transition betweer?S;, to 3°Ds;,. Some side-
band operations, or the addition or removal of ions, rely on ne control of this transition.
Since the phonons are from modes on the trap axis, the photon must add or remove mo-
mentum in this direction. Therefore, this laser is aligned right onto the trap axis so the
photons carry momentum along theZ direction.

The lasers with wavelength397m, 854nm, and 866nm are aligned alongp /4 with re-
spect to the trap axis. This way, this direction vector has components in all three directions
of the trap: X, Y, and Z. The 397nm laser, addressing the4?S,,, to 4°Py,, transition, is
used for Doppler cooling and state detection. Such an alignment is intended for th@97nm
laser to address all directions during Doppler cooling. Th&66nm laser addresses th&2D3,
to 4°Py, transition. This laser is used to repump the population leaked t03°D3;, when
the 42S;,, to 4°Py, transition is driven. This laser may remain on during all phases of
this experiment. The 854nm laser is used to pump populations from the3?Ds, back to
42Py, , and let the population decay spontaneously back ta#?S,,, , the ground state. This
spontaneous decay has a very short lifetime; this operation is a reset operation.

The 379%m and 423m lasers are also aligned along /4 with respect to the trap axis.
These lasers ionize the calcium atoms. When formed at the trap axis, these ions are captured
by the electrical elds. Such an alignment, rather than aligning at the trap axis like the
729%m, primarily aims to decrease the ionization e ciency for better controlling the ion
formation.

The lasers, except the729m one, are stabilized with the Pound-Drever-Hall technique
with cavities. This method stabilizes the laser linewidth to the order of MHz. This is

narrow enough for dipole transitions. The quadrupole transitions have natural line widths

15



FIGURE 3.2: lllustration of the ion trap viewed from the top. The trap has an octagon
shape. The orange part on the left is the RF resonator that Iters the RF trapping signal.
The green part on the right is the DC Itering, ampli cation, and input. Within the trap

are two particle sources: one oxygen gas inlet connected to an outside oxygen source and
one calcium oven. Both of these two sources are directed to the trap center. The lasers
are aligned such that all lasers except the 729nm one are directed atp/4 to all X, Y, and
Z axes, while the 729nm laser is aligned with the trap axis (Z axis). The B eld from
permanent magnetics also aligns with the Z axis.

at the Hertz level, and the frequency pro le from a simple PDH stabilization technique is
no longer narrow enough. The729%m one is stabilized with the injection-locking method.
This method primarily utilizes a low-intensity, high-precision laser to stabilize another
high-intensity, low-precision laser. This stabilization method could narrow the width to a

kiloHertz level, su ciently narrow to discriminate di erent phonon states.

16



3.3 Laser Cooling

The trapped ions are laser-cooled by Doppler cooling and resolved sideband cooling.

3.3.1 Doppler Cooling

The Doppler cooling requires a laser red-detuned from a dipole transition. Consider a
1-D trap where the laser is shone i+ x. The ion moving in X experiences a blueshift,
or the laser frequency seen by the ion moves closer to the resonance. The ion moving in
the + x direction will experience a redshift, or the laser frequency seen by the ion will be
farther from the resonance. The ion moving in the x direction will absorb more photons
and receive their momentum than it moving in + x.

Consider the scattering rate Rscait and the scattering forceFscar, Which is the scattering

rate times the phonon momentumhk

n .G W2
> 3@+ W+ O

(3.6)
G W2/2
2R+ W2+ G4

Fscatt= hKRscart= hk

where W is the Rabi frequency,d = Wjaser Watomt+ Kv is the laser detuning from the
transition seen by the atom, andGis the spontaneous emission rate [Foot, 2005; Wineland
and Itano, 1979].

The acceleration of the ion is caused by two forces: the spontaneous emission recoil and
the absorption from the laser. The time average of absorption from lasexF,,y equals to
the scattering force as in EQUATION 3.6. The spontaneous emission recoil averages to zero
since it emits isotropically. The scattering force near zero velocity may be understood as a

BF

dragging force: Fsca(V) = §,V+ Fscatf(0) = av+ Fscar(0). The dragging and its impact on

energy are:

BF 2d
a= o ﬁszd2+ wer ©
(3.7)
de.  _ 1 dv _ 2
adrag_ émlonva -
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The uctuation of the spontaneous emission results in a 3D random walk of the veloc-
ity, and the RMS velocity xv2y increases as the recoil amount2, . multiplied with the
scattering rate Rscai. An h factor accounts for the direction of the scattering: the isotropic
acceleration hash = 1/3. Similarly, the absorption heats the ion. However, the absorption

has a de nite direction, removing the requirement ofh.

2\, — 2
- XY= hRSC&ttVrecoiI
dtemit

(3.8)

2., — 2
— Xxvy=R tV ;
dtabs zY scattVrecoil

In the trapped ion experiment, the 397 nm laser can address motion in all three axes.
Also, the trapped ion moves back and forth; although the laser is ine cient in addressing
ions moving away from it, the ion will move back with the same velocity. Therefore, this
one single laser interacts with the trapped ions as if there are bi-directional lasers in aX,
Y, and Z directions. Since it is bi-directional, Rscatt Should be 2Rscat, and since it is 3D,

the spontaneous decay i8 times more. As a result, we have:

d7E = }m E XV2 + }m E XV2
dtdrag 2 N dt emit 2y 2 ""dtabs 24
1 1
axv%y: 5mi0n3h2RSC&ttVr2ecoil+ EmiOHZRscattVrzecoil (3.9)
P+ W+ @

2\ — 2 4
Xvzy = mIOﬂVrecoiI hk2d

With the assumption that W! G the W? term may be safely omitted. According to

the equipartition theorem,

*+ & hG?
kKeT = Mg XV§y= mi2c)nVr2ecoiI ﬁk72d4 = hd+ 2d (3.10)

And a resultant minimum temperature T = ZHTC; is achieved whend = % In the trapped

calcium case, a singleCa’ may be cooled toT = 497 nK.
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3.3.2 Sideband Cooling

Sideband cooling is further employed after Doppler cooling. The sidebands are resolv-
able in transitions with natural linewidths thinner than the phonon frequency [Dehmelt,
1976]. In trapped Ca', the quadrupole transition between|4S;,, ,ms= 1/2y (|Oy and
|32Ds, ,my= 5/2y (|Oy with wavelength 72%m is such a transition. The Hamiltonian
describing the interaction between ion with splitting wg moving in Z direction with eigen-

frequencyw, and laser with frequencywger iS:

|:| = IOch‘H i(k)A( (Wlaser WO)H'f) + |nyﬂ(ki (Wlaser WO)H'f)
(3.11)

NS NS

|ny(} i(h(&+&) (Wiaser Wo)t+f) + |nycﬂ(h(é+é) (Wiaser Wo)t+T)

in which Wis the Rabi frequency,wj,ser  Wo is the laser detuning from the atomic transition
b_
i

frequency, andh = k xg = k X S is the Lamb-Dicke parameter. Taylor expanding

about h:

i .8 impm
W|[Oy xO|
n=0

|:| = (ae iwgt + &éwzt)mé(f (Wiaser Wo)t) + h.c. (312)

N | S

m!

When the motional length scale is much less than the wavelength of light, the experiment
is in the Lamb-Dicke Regime. We haveha xny+ 1! 1in this regime. This regime allows
signi cant simpli cation of EQUATION 3.12: terms with n j 2 may be omitted due to
small prefactor h?. Only the zero-order (carrier) and rst-order transitions are considered.

These transitions have Hamiltonians [Poulsen, 2011]:

~ h B .
Hcarrier = §W|OyX(I!(f (Wiaser Wo)t) 4+ h.c.
h, ... L
Hred: EWha éWZt |nyw(f (Wiaser Wo+wWm)t) + h.c (313)

I:iblue: Z_V\/hé.e iwt |nym(f (Wjaser Wo Wm)t) + he
The two sideband Hamiltonians resemble Jaynes-Cummings models. Whemzser =
Wo W, the two may be driven on resonance, and the ip of the ion state from/Oyto |Oy

would be accompanied with adding or removing one phonon in the selected mode.
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The resolved sideband cooling relies on the ability to drive sideband transitions. After
the Doppler cooling, the atom motion is cooled to a millikelvin scale. Tens of phonons are
expected in this temperature scale. The resolved sideband cooling starts by driving the
atom with a red sideband transition. By turning the 729%m laser frequency fromwg to
Wo Wm, the laser drives the atomic population from|Oyhy to |Oyh 1y. The ion at |Oy
is pumped to the [4°Ps;,y|n 1y and then decay to|Oyvia the 3°Ds, to 4°P3), transition.
Each cycle removes one phonon in the system, and repeating this process brings the ion
chain to the motional ground state.

The Doppler cooling in the experiment su ers from imperfections. The starting point
has anxny bigger than the Doppler limit. Second-order red sideband cooling is employed.
We could remove two phonons at a time with a detuning fromwg wp to wg  2wp. In
experimental control, both rst-order and second-order sideband cooling are performed in

an interleaved manner.
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4. Quantum Logic Spectroscopy
The Quantum Logic Spectroscopy (QLS) technique is rst demonstrated in [Schmidt
et al., 2005]. This chapter discusses QLS and the adaptation of the QLS idea to molecular

systems.
4.1 QLS Protocol with Atoms

For ions to be trapped and manipulated directly via lasers, they must have closed
optical transitions that enable laser cooling, state preparation, and state detection. Species
without such suitable transitions, for example, Al ", may not be trapped for direct quantum
information or simulation purposes.

QLS solves this problem by introducing another ion that has such suitable conditions.
This ion is designated the “logic ion." The other ion of interest is the “spectroscopy ion,' as
it is the subject of spectroscopic studies with this technique.

The protocol considers both ions as two-level systems. The logic ion has stattﬁx and
|Oy. The spectroscopic ion has stategOy and |Oy. The overall quantum state takes the
form

lyy = 1Q., G, ncom, Nemy = |0y [O% Incomy INemY (4.1)

QLS employs one motional modem as the transfer mode. This transfer mode is cooled
to the ground state [n = Oy,,. The state preparation of the electronic states of the two ions
is di erent. The logic ion could be prepared directly via laser control. The spectroscopy
ion could not necessarily be prepared directly via laser interrogations. In some cases, for
example, the Al* and Be" case [Schmidt et al., 2005], it could be prepared via similar

guantum logic. The trapped ions start with the state:

lyoy = 1Q., &, Omy (4.2)

After state preparation, laser pulses are sent to the spectroscopy ion, as in spectroscopy

experiments. This results in the state (or the state before the spectroscopy ion's initializa-
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FIGURE 4.1: Quantun Logic Spectroscopy (QLS) demonstration. The states are prepared
such that both ions are in |Oyand motion is in |n = Oy. The laser operations are performed
as SWAP operations from Al ™ qubit to motion and from motion to Be *.

tion):
ly1y = 1Qy Omy(alQy+ b|Gsy) (4.3)
The key in quantum logic experiments is mapping the information in the spectroscopy
ion into the logic ion, as shown in FIGURE 4.1. A red sideband operation bringg0my |Gy

to |1my |Qy, hence mapping the electronic state of the spectroscopy ion to the motional

State.
ly2y = |1Qy(alOmy+ b|lmy) |Gy (4.4)

Apply another red sideband transition of the logic ion. This operation maps the super-

position on the motional state to the logic ion.

lysy= (alQy+ b|Qy) [Omy |Qy (4.5)

Measuring the logic ion could produce results with probability|a|? and |b|?. Repeated

measurements could providdal? and |b|? information on the spectroscopy ion of interest.
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4.2 DPQL: QLS with Molecules

The QLS technique, or utilizing the interaction between logic and spectroscopy ions to
transfer information, may extend beyond spectroscopic experiments.

DPQL is proposed as a novel quantum logic based on the interaction between the
permanent electric dipole of trapped diatomic molecules and the electric eld produced by
the harmonic motion of the co-trapped ions. One candidate to realize DPQL is the diatomic
calcium oxide ionCaO" (“°Ca'®0*), co-trapped with 4°Ca® .

The |Oy, and |Oy in the molecular ion are the lambda doublet| fy and |ey of the ground
rotational and vibrational state |v = Oy|J= 3/2y within the electronic ground state mani-

fold |X2P 312Y-
4.2.1 Interaction

The dipole-phonon interaction is between the permanent dipole moment of the molecular
ion and the electric eld. It is predicted in [Campbell and Hudson, 2020]. The electric eld
results from the trap potential and the moving ions. The second quantization treatment

could account for both simultaneously.
b

h

The mode p has its operator for displacemenbzp = 2w

(8 + &), wherem is the

reduced mass. This should be distinguished from the displacement operat@r(a) = aa +
a a. The displacement of ioni from its equilibrium is noted with 2;, which has components
from all normal modes.

Zi = ’ bp,i)’(\p
P (4.6)

z = Bx.

N :
In the above expression,b, is the p-th normal mode eigenvector. They are chosen to

be real and normalized. by; is the participation of ion i in mode p, and the i-th value in
N : : o
bp. Note the above equation could be understood as a matrix multiplication, where thd3

: N : .
matrix has eachby in its columns. This matrix is orthogonal.
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The potential energy, and hence the electrical eld magnitude along theZ direction

from all modes experienced by tha-th ion, may be written as:

—_ 1 2,2
U= ém WpXp (4.7a)

m
I

\

I
I
[

°

(4.7b)

1) ~

The dipole-phonon interaction is F|dp = I\E‘ji lﬁi, wherel\i‘ji is the permanent dipole

i
moment of the i-th molecular ion. In the ground state manifold [ X?P 3, y|v = Oy|J= 3/2y,
this permanent dipole operator takes the form@i = diéx,iﬁﬁ. di = |xd %i ﬁﬁ |fy] is the
dipole magnitude. Sx = |eyxf| + |fy>xg, similar to atomic cases, denotes whether the dipole
aligns or anti-aligns with the Z axis. The Hamiltonian on one trappedi-th molecule Fldp

hence takes the form [Campbell and Hudson, 2020]:

d
. R 1 ﬁmw3
Hap = _ diSX,IE pl(ap+ ap)
> (4.8)
— ﬁ, gp'(ap+ ap)Sx.

p,l

In the above expressiongp; is the Rabi frequency for the dipole-phonon interaction be-
tween thei-th molecular ion and the p-th mode. This value depends on the trap frequencies

and the molecule dipole:

2 2 1 hmw3 db,i 2w3m
Opi = ﬁdi Ep,i = ﬁdié > pbp,i = P P . (4.9)



In addition to this interaction, the molecules doublet has an energy splitw,o. Also,
the collective motion acts as a harmonic oscillator. In the following are the Hamiltonian of
general ion chains withM molecular ions,N atomic ions, and henceM + N modes. From

now on, without explicit notice, h will be omitted.

4 — 2 Wmolia * 1 ala > Opi, . Ava
N T T W e (G S (4.10)

In the case of the experiment, only oneCaO" and one Ca" are trapped. Only one
among two modes with frequencyw is allowed, while the other is suppressed. In this case,

the Hamiltonian will be reduced to:

~ Wmol A 1 .. 9,4, ava
H= §,+w —+4aa + >(a+ a)s
5 oz > 2( )Sx
(4.11)
A 1 ... A A A A
Wimole + w St aa +g(3+a+s a)

In the last line of the above equation, we have performed the rotating wave approxima-
tion (RWA). This approximation is valid when the normal mode frequency w is near the
molecular splitting wn,. The last line of the Hamiltonian resembles the form of the Jaynes
Cunnings (JC) Hamiltonian.

As predicted by the JC Hamiltonian, at trap frequency w  wy,q, the two energy levels
(le nyand |f,n+ 1y) that would be otherwise crossing each other feature an avoided cross-
ing: the energy eigenstates near the resonance does not intersect but splits, as illustrated

in FIGURE 4.2.

4.2.2 Adiabatic Ramping

In the atomic QLS experiments, one sideband operation transfers information from
the spectroscopy ion's internal state to the motional state on the trapped ion chain. The
CaO" ion does not have such a transition. However, the similarity of the Dipole Phonon
Hamiltonian in EQUATION 4.11 and EQUATION 3.13 suggests possible ways of inserting
phonons. This section will introduce adiabatic ramping and how it may be employed in
DPQL.
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FIGURE 4.2: lllustration of the avoided crossing between |f,n = Oy (green dashed line)
and |e n = ly(red dashed line). Due to the Jaynes Cummings Hamiltonian resulting from
the DPQL, the energy eigenstate|+yand |y does not cross when the phonon frequency
W, is on resonance with the molecular splitting Wy

The adiabatic ramping starts with considering the instantaneous eigenstates y yyu of
a time-dependent Hamiltonian: H(t) |yn(t)y = En(t) |yn(t)y. With such basis, we can
consider the time-dependent perturbation:

xn| $H [my

4.12
E E. (4.12)

d R
— t =
n m
When H is driven slowly, %H ! 1, and as a result% lyn(t)y 0. In other words, the
state relative to the Hamiltonian does not change from the initial one. As a result, any
3

eigenstate that evolves with the system hagy,y = exp[ i En(t)dt]. In our case, if the

state is initialized in one of the eigenstates of the system, it will remain the instantaneous
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eigenstate when the system is driven slowly enough.

From FIGURE 4.2 we see the eigenstate$ty and |y connects|fy|ny and |ey|n+ 1y
on di erent sides of the resonance. The connection allows the movement of the eigenstate
from one state to another via adiabatic passages. The system could be driven slowly enough
such that the state remains|+y or |y of the instantaneous Hamiltonian.

When the ion chain is cooled to its motional ground state,|n = Oy, and the molecular
ion is in |fy, a ramping fromw Wy t0 W | Wy brings the state from |fy|n = Qy to
ley [n = 1y. However, if the molecule is in statdey, then |ey [n = Oy would remain |ey |n = Oy.
The information in the molecule states|ey and |fy is hence mapped to the motional states
[n= Oy and |[n = 1y. This mapping couples the molecular ion to the motional state. With
the atomic sideband operation to map the information from the motion to the atom, the

QLS is completed.
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5. DPQL Control Flows and Monte-Carlo Simulations
This chapter will discuss two di erent experimental sequences and introduce Monte-

Carlo simulations tailored to the experimental system that is used to verify DPQL.
5.1 Experimental Sequences

The primary goal of the experiments is to verify the dipole phonon interaction exists
as predicted in trapped Ca” - CaO" systems. One way to observe such an interaction
is to adiabatically drive the system across the avoided crossings predicted by the dipole
phonon interaction Hamiltonian and verify the addition or removal of single phonons. The
experimental sequences are centered on these adiabatic driving and detections after them.

At room temperature (300K), the population in the rotational space is spread among
rotational states up to J  30. In each of these dierent J states or manifolds, the L
splittings have dierent values. As a result, the dipole phonon Hamiltonian between a

single molecule and a single atomic ion may be rewritten as:

8
Wmol,J » s A A s Op,J, A A
R . %(ap+ &)8x.3 (5.1)
E302 p pi= 312

A=

NI =

The avoided crossings happen whew, wpq ;. Each J state, as a result, features
its own avoided crossing at di erent w,. Due to experimental device constraints, most of
these avoided crossings are not reachable by the trap normal mode frequencies. The current
experiment focuses on the ground state. doublet with 450kHz splitting, which is in the
scope of the trap frequency.

Because the experimental system operates at room temperature and the rotational
ground state population is only 0.5% the DPQL signal, or the addition or removal of
phonons, happens once per 200 experiments on average. As a result, the ramping experi-
ment must feature many cycles that will detect the DPQL signal. Quick cycling is key to
the experiment design because the system is supposed to remain in the rotational ground
state for as many cycles as possible rather than relax to th@00K thermal distribution.

This relaxation happens in a timescale o# seconds [Mills et al., 2020].
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The experimental sequence consists of six stages. Stage 1 consists of Doppler and sub-
Doppler cooling that bring the ion chain to its motional ground state. Stage 2 consists of
adiabatic ramping of the breathing mode frequency up across the avoided crossing. This
operation bring the state |en+ 1y to |f,ny and |f,ny to |en+ ly. This operation will
not aect |e Oy. Stage 3 consists of a red sideband operation. If the previous step adds
a phonon, this red sideband operation removes it while exiting the atom fron{Oyto |Oy
Stage 4 is a displacement operatiorD (a) via RF. This operation brings motional [Oy to
motional coherent state|ay. Stage 5 ramps the breathing mode frequency down across the
avoided crossing. Similar to stage 2, this operation brings the state betweejg n + 1y to
| f,ny but leaves |e Oy una ected. In the last stage, the atomic ion is measured. After the

measurement, the atomic ion is reset thy
5.2 Monte-Carlo Simulations

In our Monte-Carlo simulations, several states are in consideration:|f,0,()y |f,0,0y
|f,1,0y|f,1,0y|g 0,0y |g 0,0y |e 1,0y and |e 1,0y States in other manifolds are collec-
tively considered |gy. States in the |ey and |fy manifold with motional quanta n j 2 are
not considered. Sideband cooling operations will immediately suppress them to a near-0
population. When the average phonon numbemxny 0.03! 1, we could conclude that
P(n=0) 1 xnyandP(n= 1) x ny. Given the resetting atomic qubit operation, only
four states with atomic |Oyappears at the beginning of each cycle after sideband cooling.

The evolution of the state is not linear, as one might consider in an analogy to the nite
state automata. This is because the resultant state probabilities depend on the probabilistic
measurement in each cycle. Five steps are in each cycle: determine whether a collision has
happened; determine whether the molecular ion is in its ground rotational state; determine
whether the ion chain is in ground motion state; determine the atomic measurement result;
and redistribute the state population in |ey and |fy.

The collision process a ects determining molecular state. It mainly modi es the decay

of the rotational state back to the thermal state at 300K: When out of the collision, it
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decays in a timescale of = 4s, But in a collision, it decays int, = 100s, which is also the
characteristic time that its impact lasts. The collision is a Poissonian process, parametrized
to happen once pert. = 480s. When the molecule is found at the ground state, the ion
chain motion is sampled, and based on the motion, the measurement result may be sampled.
the |ey and | fy population is redistributed accordingly. When it is not at the ground state,
we consider only the false-positive results from o -resonant excitations with rateP,:¢ 5%,
and the internal state population is reset to 50% and 50%

For example, consider an operation that starts with |f,0,0y After ramping up, the
sideband operation could not remove the phonon completely. The resultant state igy b
(? Po|0,0y+ ? 1 Po|1,0y. As aresult, the nal detection sees atomic|Oywith Py 80%
The displacement operationD(a) with a 2.5 applies to both components, creating a
population of |e Oy that is not a part of any avoided crossing. The resultant population
in |ey will be |x0|D(a) |1y = P3! if we measured|Oyand |x0|D(a) |0y P = P3° if we
measured|Oy as illustrated in TABLE 5.2.

The results of the simulated measurements are running-averaged with a window length
N = 50. This approach e ectively limits the e ects of intermittent false negative and
false positive signals. Monte-Carlo simulation shows the expected number of occurrences
of ground rotational state grows 0.090times per minute of the experiment, as shown in
FIGURE 5.1. The signals reported by the experiment protocols align well with the events
in which the molecule is in the ground state. A single run of Monte-Carlo simulation for
20 minutes, a reasonable time scale of the experiment being intact from molecular reaction
or dissociation, is also shown in FIGURE 5.2. If the occurrence of observable signals is
Poissonian, we could model it with parameterm= 0.0992 The resultant distribution would
predict the time we need to continue experimenting for observing withr60%, 90%, and 99%

possibilities, as tabulated in TABLE 5.1.
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FIGURE 5.1: Molecular ground state event (green data points and blue tted line) and de-
tected |Oy(red data points and orange tted line) events in different experiment duration.
Each data point and error bar represents the mean and standard deviation from 200 times

the simulation.

Table 5.1: Times required to observe the signal once, three times, and ve times, with
possibilities 50%, 90%, 99%.

Occurrence of Signal | 50% Time (min) | 90% Time (min) | 99% Time (mMin)
1 7.001 23.26 46.52
3 27.01 53.77 84.94
5 47.18 80.743 117.24
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FIGURE 5.2: A single run of Monte-Carlo simulation for 20 minutes. The green-shaded
area represents the time the molecule is at the ground state. The red-shaded area repre-
sents the time the molecule collides and displaces from the thermal distribution.
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Table 5.2: State evolution during Monte-Carlo Simulations. In the table, P, and P; are the rst sideband excitation possibilities

from |n = 1y,Oto |n = 0,0yand from |n = 2,0yto |[n = 1,0y Py is the off-resonant excitation possibility, exciting |n = 0,0yto
In = 0,0y Pg’b = |xal D(a) |by [?, where |ay and |by are Fock states. In the Detection column is the possibility of the state to be in
the [Oyonly. In the |Oy(|Oy part, P is the possibility that the state is in |ey after we have measured an |Oy(|Oy.

SBC | Ramp Up Red Sideband Displacement Ramp Down Detection |Oy |Oy

. . PoPS° e, 0,0y
Po|e 0,0y Po e a, Oy Do .
Po(1 P39 |f,_,Oy

1.0y lely Po= Py | Pe= P3° | Po= POt

] . 1 Py)PY'e0,0
(1 Py)le1,0y | (1 PRy)leD(a)|ly,Oy ( 2 Dolf y,
(1 P)(1 PyY)If,_,Oy

. . P.P%te 0,0y
P1le 1,0y P1|e D(a) |1y, Oy PR
P(1 POY|f,_ Oy

.y | le2y Po= P | Pe= Pyt | Po= Py

] , 1 P)P3?e0,0
(1 P)le20y | (1 P1)leD(a)l2y,Oy ( ) Dolf y,
(1 P)(1 Py9)If,_Oy

PotP3°]e 0,0y
Pore(1 P39 |f,_,Oy

Pottle 0,0y Potfle a Oy

ls0y | le0y oo~ | Po= Potr | Pe= P3° | Pe= Pp°
2 2 (1 I:>off)PD' |e, 010y
(1 Poir)|60,0y| (1 Pys)lea Oy 0 )
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le 1y 11,0y off y off | y off |6 _, 0y Po= Porr | Po= 1 Pz 1
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6. DPQL Control Flows and Monte-Carlo Simulations
This chapter concerns the experiment part of DPQL. It will discuss each control ow
involved in DPQL and the overarching DAX (Duke Artiq Extension) Scheduler [Riesebos,

2022; Riesebos et al., 2021] that concatenates them for a fully running experiment.
6.1 Calibrating and Monitoring Experiments

Experiments in DPQL could be divided into two types: calibration and monitoring.
The monitoring experiments run in an (in nite) loop to trap and manipulate the trapped
ions. They are concatenated in the scheduler. The calibration experiments are mainly
about preparing the experimental environment. They include calibrating lab lasers and the
DC compensation electrodes within the trap. The calibration experiments remain manual

because they are run less frequently and require much human intervention.

6.1.1 Calibrating

Four experiments are vital in calibration. They involve nding the ideal detection and
Doppler cooling frequency for the397m laser, the optimal DC compensation to suppress
micromotion in the trap, and the S@ D transition carrier and sideband frequencies.

The 397nm laser experiment is done by varying the397nm laser Acousto-Optic Modula-
tor (AOM) frequency to realize a scanning near the resonance point of th& @ P transition.
After scanning, the resonancensgz, and the Doppler frequencywp = wsg; 5MHz are ob-
tained.

The DC compensation is determined by detuning the397nm laser away from the res-
onanceWwsg7z. W = Wsg7 WRpr. AS a result, the transition now driven by this laser is
the micromotion sideband transition. Scanning di erent voltages on the DC compensation
rod while monitoring the uorescence fromS @ P transition returns a spectrum as shown
in right of FIGURE 6.1. The optimal DC compensation for micromotion is at the point
with the lowest uorescence, for the sidebands are less prominent when the micromotion is
compensated.

The 729m laser experiment is done by varying the72%m laser AOM frequency the
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